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Dark Matter Intro

Ωχ ≈ 0.1
h2

�
3× 10−26cm3sec−1

�σv�

�

Gravitational effect of DM is visible in 
many astrophysical settings (needed to 
hold galaxies and clusters together)

Bullet cluster image shows gravitational 
mass inferred from lensing (blue) and X-
ray emission from baryonic matter (red).

Not modified gravity, not gas - dark matter 
behaves like weakly interacting particles

For a thermal relic of the big bang,
the larger the annihilation cross section
the longer the DM stays in equilibrium
and the larger the Boltzmann suppression
∼ e−mχ/kT before freeze-out.
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Indirect Detection Cross Section 

• The same interactions of WIMPs with standard model particles in 
the early universe (holding WIMPs in thermal equilibrium) imply 
interactions in the current universe.

• While the cross-section for a specific interaction (e.g., scattering 
off a nucleon) or annihilation channel is indirectly related to this 
decoupling cross section, almost all annihilation channels 
produce photons and the total annihilation rate to photons                    
is closely related to the decoupling cross section:

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1* Gamma-ray production by annihilation in the present universe is closely related to 
the decoupling cross section in the early universe with a natural scale 

∼ n2
χ�σv�

DM relic abundance : Ωχ ≈ 0.1
h2

�
3× 10−26cm3sec−1

�σv�

�

�σv� ≈ 3× 10−26cm3sec−1

Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1
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Indirect Detection 
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

γ

ν

e−, e+, p, p̄
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Current and Planned Experiments
γ γ

1
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Current and Planned Experiments
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Gamma Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2

� �� �
particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input
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Gamma Rays from DM Annihilation
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J(θ) =
1

8.5 kpc

�
1

0.3 GeV/cm3

�2 �

line of sight
ρ2(l)dl(θ)

� �� �
astrophysics

Line-of-sight integral of ρ2 for a
Milky-Way-like halo in the VL Lactea II
ΛCDM N-body simulations (Kuhlen et al.)

Astrophysics/Cosmology Input
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Dark Matter Halos

• N-body simulations now include 10s of billions of non-interacting particles, revealing 
information down to sub-kpc scales.

• Starting from initial conditions provided by !CDM cosmology, one obtains a picture 
of the present day universe which agrees very well with observed large scale structure

(Millenium simulation) (VL Lactea II Simulation)
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Baryonic Feedback

• N-body simulations with LCDM in remarkable agreement with observations, but some 
problems - too many dwarf galaxies, cored halos in dwarfs.

• Adding Baryons to N-body simulations starting to give amazing results - similar 
morphology, Tully-Fisher relation.

• Including interplay of baryonic matter may either result in cored halos with reduced 
signals, or cusped halos with a huge enhancement.
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ACT DM Constraints
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted with E2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
The support of the Namibian authorities and of the

University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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HESS VERITAS

GC Limits Segue Dwarf Galaxy Limits

(Aharonian et al. for the HESS collaboration, PRL 106, 1301) (Aliu et al. for the VERITAS collaboration, PRD 85, 062001)

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.

VERITAS DEEP OBSERVATIONS OF THE DWARF . . . PHYSICAL REVIEW D 85, 062001 (2012)

062001-9
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VERITAS Projections

• With another 5 years, can push limits 
with VERITAS down into interesting 
cross-section regime

!+!- W+W- bb
2013

2018 2018

2013 2013

2018

Sommerfeld Cross Section

Tuesday, March 5, 13

Dwarf Galaxy Projections

(SLAC CF Workshop Talk by A. Smith)

ON

OFF
Tuesday, March 5, 13

(JB)
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Fermi LAT DM Constraints
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Figure 13 J-values for dSphs within a radius of 0.5◦ as a function of their Galactocentric distance.

In this case NFW profiles are assumed for the dark matter density, though the results are very

weakly dependent on the assumed central dark matter profile for dSphs with large data samples

(compare to Figure 14).

can be shown that in a manner similar to the calculation for the integrated mass in Section 4, the

J-value is best constrained within an integrated physical radius that strongly correlates with the

half-light radius (Walker et al., 2011). To better appreciate this, consider that the nearest classical

satellites are at distances of approximately 70− 80 kpc. For a dSph at this distance, the half-light

radius corresponds to less than approximately one degree, which is about the angular resolution of

the Fermi-LAT over a large energy range of interest. This is the region within which the integrated

density and the integrated density-squared are the best constrained from the kinematic data sets.

Thus the assumption of a core or a cusp for the density profile does not significantly affect the
gamma-ray flux predictions for the Fermi-LAT. As discussed more below, however, for instruments

with better angular resolution than the Fermi-LAT, the assumption of a core or the cusp is much

more relevant.

The theoretical developments outlined above have significantly improved the determinations of

the J-values of the dSphs since the time when they were first determined over a decade ago (Baltz

et al., 2000; Tyler, 2002; Evans et al., 2004; Bergstrom and Hooper, 2006). Strigari et al. (2008)

and Martinez et al. (2009) have developed a maximum likelihood method to determine J-values
from stellar kinematical and photometric data using the likelihood in Equation 36. More recently

groups have extended this analysis though in all cases the calculations are generally in good agree-

ment (Charbonnier et al., 2011).

For nearby dSphs that are most relevant for gamma-ray observations, the most updated de-

terminations of the J-values are shown in Figure 13. Here an NFW profile is assumed for the

dark matter density profile, as in Ackermann et al. (2011). However, as is shown in the proba-

bility density in Figure 14 the results are weakly dependent on whether a cored or cusped central

density profile is assumed for the dark matter. Figure 13 clearly indicates which dSphs are the

most interesting targets for indirect dark matter detection experiments. The two dSphs with the

largest J-values, Segue 1 and Ursa Major II, are ultra-faint satellites with sparse samples of stars

associated to them. Specifically, the J-values for Segue 1 and Ursa Major II in Figure 13 were

77

Strigari arXiv:1211.7090

Ackermann et al., 2011

• Dwarf galaxies are some of the most dark 
matter dominated objects in the universe

• Dark matter content can be assessed 
through the study of stellar kinematics

• Assume that the same dark matter particle 
in all dwarf spheroidal galaxies

• Perform a combined likelihood analysis of 
multiple dwarfs with 2 years of data

• Predicted flux for each dwarf will depend on 
individual dark matter content (J-factor)

• Statistical uncertainties in J-factor 
determined from stellar kinematic data.

• Fit backgrounds independently for each 
dwarf

• Include uncertainty in the dark matter 
content as nuisance parameters in the 
likelihood

Fermi-LAT Observations 
of Dwarf Galaxies

Dwarf Constraints

Dark Matter at the Galactic Center

• Thus, the constraints on dark 
matter annihilation from Fermi-
LAT observations are extremely 
strong

• In spite of very bright emission!

Abazajian & Kaplinghat (2012)

Hooper et al. (2012)
Cored Profiles --------->

Wednesday, March 6, 2013

GC, Cluster, Constraints

*Enormous progress since last Snowmass meeting!   We are beginning to probe natural cross 
section at low mass (<20 GeV) and pull within 1-2 orders of magnitude for 100GeV-1TeV WIMPs.
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CTA-US

3/7/13 4 

SC-MST (Dual Mirror) DC-MST (Single Mirror) 

Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 
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CTApMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

(JB)

* A CTA like instrument with ~60 Mid-sized telescopes has the sensitivity to probe the natural 
cross section for WIMP annihilation from 100 GeV to 10 TeV - But this requires a US contribution

(JB)
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HAWC
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Future Neutrino Detectors

Darren R. Grant - University of AlbertaMarch 6-8, 2013

DeepCore Atmospheric Muon Veto

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

• The cosmic ray muon background 
(around 106 times the atmospheric 
neutrino rate)

• Overburden of 2.1 km water-equivalent 
is substantial, but not as large as at 
deep underground labs

• However, top and outer layers of 
IceCube provide an active veto shield 
for DeepCore

• ~40 horizontal layers of modules 
above; 3 rings of strings on all sides

• Effective !-free depth much greater

• Can use to distinguish atmospheric ! 
from atmospheric or cosmological " 
(access to the Southern Hemisphere 
sky!)

• Vetoing algorithms surpass the required 
106 level of background rejection

* Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the 
possibility of discovery of a smoking-gun signal (high energy neutrinos from the sun), and may 
provide some of the best constraints on spin dependent cross sections.
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possibility of discovery of a smoking-gun signal (high energy neutrinos from the sun), and may 
provide some of the best constraints on spin dependent cross sections.
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Positron Results

• Pamela results on positron excess are now confirmation by Fermi (using geomagnetic field) and AMS result.

• Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

• A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.

New dark sector force carrier giving a 
Sommerfeld enhancement, hadronic 
channels kinematically inaccessible (e.g., 
Arkani-Hamed, Finkbeiner, Slayter and 
Weiner, 1999, PRD 79, 015014)
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Positron Results

• Pamela results on positron excess are now confirmation by Fermi (using geomagnetic field) and AMS result.

• Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

• A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.

New dark sector force carrier giving a 
Sommerfeld enhancement, hadronic 
channels kinematically inaccessible (e.g., 
Arkani-Hamed, Finkbeiner, Slayter and 
Weiner, 1999, PRD 79, 015014)
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Shedding Light on Positrons

• Pamela excess implies a large radio synchrotron and inverse Compton signal, and a 
boost in secondary gammas from the GC that are not observed.

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.
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Figure 3: We compare the region favored by PAMELA (green bands) and ATIC (red regions

within the bands) with the bounds from HESS observations of the Galatic Center [29] (blue

continuous line), Galactic Ridge [41] (blue dot-dashed), and SgrDwarf [42] (blue dashed) and

of observations of the Galactic Center at radio-frequencies ν = 408 GHz by Davies et al. [51]

(red lines) and at ν ∼ 10
14

Hz by VLT [52] (upper purple lines, when present, for equipartition

and constant magnetic field). We considered DM annihilations into e+e− (left column), µ+µ−

(middle), τ+τ− (right), unity boost and Sommerfeld factors and the NFW (upper row), Einasto

(middle), isothermal (lower) MW DM density profiles and the NFW (upper), large core (middle

and lower) Sgr dSph DM density profiles.

12

Radio Synchrotron and gamma-ray IC limits for 
Pamela scenario (Bertone, Cirelli, Strumia and 
Taoso, arXiv:0811.2744v3).  Note: Radio bounds 
are sensitive to assumptions about B-fields and 
diffusion, may be optimistic.

VERITAS Segue Limits with Sommerfeld Enhancement
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Astrophysical Constraints

• When the magnetic field and diffusion are understood, radio 
constraints on DM can be important.

• Electrons up-scatter CMB photons, producing a measurable X-ray 
signal and DM constraints

10 100 1000
WIMP Mass [GeV]

10-25

10-24

10-23

10-22

10-21

<
v>

 [c
m

3 /s]

Fermi (11 months)
NuSTAR, 6-10 keV
NuSTAR, 10-30 keV
NuSTAR, 30-70 keV
! , 6-10 keV
!
" # 10-30 keV

bb annihilation final state
Fornax (NO substructures)

1 Ms

Comparison of NuSTAR and Fermi 

Jeltema & Profumo 2011 

!   Planned X-ray telescopes will have (at best) similar 
sensitivity to Fermi to low mass WIMPs. 

Predictions for a long NuSTAR observation of 
the Fornax Cluster Radio Constraints on Galaxy Cluster (A2199)

X-Ray (NuSTAR) constraints on Fornax cluster 
compared with Fermi gamma-ray constraints

(SLAC CF Talk by T. Jeltema)
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Sterile Neutrinos

sin θ

m
if sterile neutrinos
make up 100% of dark matter
(any cosmology)

lower bounds on the mass 

vary depending on cosmological production scenario

(keV)

2

derived from small−scale structure

excluded by X−rays
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pulsar kicks

pulsar
kicks

(allowed)

(allowed)

(assuming standard cosmology)

Chandra, Suzaku, XMM−Newton

excluded by X−ray search

Chandra Suzaku XMM/Newton

(Loewenstein et al, Astrophys.J. 700 (2009) 
426-435;  Astrophys.J. 714 (2010) 652-662; 
Astrophys.J. 751 (2012) 82;  Kusenko,  
Phys.Rept. 481 (2009) 1-28 )
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Antideuteron Measurements
γ γ

1
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Antideuteron Measurements

• GAPs looks for anti-deuterons (hard to produce as CR secondaries), uses 
TOF, X-rays from short-lived exotic atom, pion star from annihilation
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Technical Developments

• Analog pipeline ASICs (K. Nishimura)
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Department of Physics, University of Tokyo

Cosmic Frontier workshop Mar. 6-7 2013 SLAC

Large-Area HPMT (Masahi Yokoyama) LAPPD psec timing, 8” square 
photodetector, (K. Byrum)
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Direct and Indirect Detection

• Scientific complementarity

• Technical complementarity 

[hep-ph] arXiv:1011.4514 L. Bergstrom et al.

Proposed CTA SC 
camera module with 
25 2” MAPMTs

Xenon100 Detector



γ γ

1

γ γ γ γ

DPF 2013                                                CF2: Indirect Detection                                      James Buckley 

CF2 Key Findings

• Detailed theoretical studies with PMSSM, contact operators, realistic halo models are resulting in quantitative estimates of 
sensitivity, showing the complementary reach of different techniques.

• CTA, with the U.S. enhancement, would provide a powerful new tool for searching for WIMP dark matter.  The angular 
distribution would determine the distribution of dark matter in halos, and the universal spectrum would be imprinted with 
information about the mass and annihilation channels needed to ID the WIMP.

• Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the possibility of a smoking-gun signal 
(high energy neutrinos from the sun), and may provide some of the best constraints on spin dependent cross sections.

• Other astrophysical constraints such as low-frequency radio (synchrotron from electrons) or X-rays (inverse Compton 
scattering by electrons, sterile neutrino decay) can provide very powerful tests for DM annihilation for certain annihilation 
channels and provide constraints on decaying dark matter.
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CF2 Key Findings

• CTA, with the U.S. enhancement, would provide a powerful new tool for searching for WIMP dark matter.  The angular 
distribution would determine the distribution of dark matter in halos, and the universal spectrum would be imprinted with 
information about the mass and annihilation channels needed to ID the WIMP.

• Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the possibility of a smoking-gun signal 
(high energy neutrinos from the sun), and may provide some of the best constraints on spin dependent cross sections.

• Other astrophysical constraints such as low-frequency radio (synchrotron from electrons) or X-rays (inverse Compton 
scattering by electrons, sterile neutrino decay) can provide very powerful tests for DM annihilation for certain annihilation 
channels and provide constraints on decaying dark matter.

• Detailed theoretical studies with pMSSM, contact operators, realistic halo models are resulting in quantitative estimates of 
sensitivity, showing the complementary reach of different techniques.

102 103

m(χ̃0
1) (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

R
·σ

S
I

(p
b)

XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Comparing different DM signals
• Within this simplified model description, all DM signals 

can be parameterized in 4 equivalent ways
– Production rate at colliders 
– Direct detection cross-section
– Annihilation cross-section 
– New physics scale Mq

• Good news for CF2:
– We chose annihilation xsec
– but measured in funny units

• Relic density connection

10

Ωχ

ΩDM
∼ σthermal

σ(χχ̄ → qq) + σ(χχ̄ → other)
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Snowmass Tough Questions
``Can dark matter be convincingly discovered by indirect searches given astrophysical 
and propagation model uncertainties? Do indirect searches only serve a corroborating 
role?’’

• Extracting a DM signal from positron 
measurements does depend on backgrounds 
from secondaries produced in cosmic ray 
propagation, or astrophysical sources such 
as pulsars.   The measured positron excess is 
orders of magnitude above the generic 
expectations for WIMP annihilation.  
However, a spectral feature (with a sharp 
cutoff) would be a strong indication of a 
signal. 

•   While Isotropy may argue against a new 
astrophysical source, a nearby subhalo is 
probably necessary to boost the electron 
annihilation signal - can we have it both 
ways?
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(Cowsik, Burch and Madziwa-Nussinov, arXiv:1305.1242)
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Snowmass Tough Questions
``Can dark matter be convincingly discovered by indirect searches given astrophysical and 
propagation model uncertainties? Do indirect searches only serve a corroborating role?’’

• The primary astrophysical uncertainties 
come for gamma-ray production come from 
uncertainties in the halo model.  But even 
with uncertainties, the limits still reach the 
natural decoupling cross section.

• An annihilation line in the gamma-ray 
spectrum would also provide a smoking gun 
signature (if detected at high significance!).

•Neutrinos from DM annihilation in the sun 
would be a smoking gun signature.

• Wouldn’t a hint of a signal of, say 20 TeV 
neutralinos provide important guidance for 
the Energy Frontier, and motivate a new 100 
TeV accelerator?

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 
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Boosts
• It is often assumed that astrophysical uncertainties make gamma-ray detection worse - cored 

halos, annihilation channels with the lowest gamma-ray production - but a large number of 
boosts are possible, even generic:

Final-state radiation, or internal 
bremsstrahlung may lead to a gamma-ray 
peak near the kinematic cutoff, improving 
sensitivity of higher threshold ground-
based instruments.

γ γ

1

e− e−

CMB photon Gamma Ray

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
2

p
ðcos

ffiffiffi
2

p
pcÞ"1 "

ffiffiffi
2

p
ðcoshpcÞ"1 and d2 ’

ðcos
ffiffiffi
2

p
pcÞ"1 þ 2ðcoshpcÞ"1, where pc &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

Lattanzi and Silk, PRD 79, 083523 
(2009), Profumo (2005)

Secondary electrons can produce 
additional high energy gamma-rays by 
inverse Compton scattering.

Above a few TeV, W and Z exchange 
can produce a Yukawa like potential 
that boosts cross section at low 
velocities compared with higher-
velocity interactions in early universe
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Snowmass Tough Questions
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Cosmic Frontier Workshop | CF2 | SLAC | March 6, 2013J. Siegal-Gaskins

The multiwavelength inner galaxy
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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.

LETTERS NATURE|Vol 439|9 February 2006

696

VLA @ 330 MHz HESS > 380 GeV 

CTA (5yr, 0.05◦-0.14◦)

Dwarf galaxies have almost no known astrophysical backgrounds, for backgrounds the GC is worst case.   HESS provides 
the best data on the GC (below, with point source at Sgr A* subtracted).   Better angular resolution can reduce the 
background from the tail of the PSF function, which dominates over other sources in the plane

Point source 
contamination with 
improving angular 

resolution



γ γ

1

γ γ γ γ

DPF 2013                                                CF2: Indirect Detection                                      James Buckley 

Snowmass Tough Questions
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Backgrounds get lower at higher energies, but even at 1-3 GeV with no background subtraction get a limit 

                      
 (Tim Linden, SLAC CF meeting)

within 1◦ ∼ 1× 10−7cm −2 s −1 ⇒ �σv� = 1.6× 10−25 cm 3s−1

Unlike other astrophysical sources, would see a universal hard spectrum (typically harder by ~E0.5) with a sharp cutoff.  The 
spectral shape would be universal:  the same throughout the GC halo, in halos of Dwarf galaxies, with no variability.   
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Background?

• Upper limits are straightforward, but demonstrating that there is a signal and not a 
misidentified background is hard - this is true for DD, ID and Colliders.
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Fig. 8. Left: The number of hits in the TRT outer module (Nouter
TRT ) for data and LL01 signal events (τχ̃±1 � 1 ns)

with the high-pT isolated track selection [13]. The selection boundary is indicated by the arrow. The expectation
from SM MC events, normalised to the number of observed events, is also shown. When charginos decay before
reaching the TRT outer module, Nouter

TRT is expected to have a value near zero; conversely, SM charged particles
traversing the TRT typically have Nouter

TRT � 15. Right: The observed and expected 95% CL upper limits on the
signal cross section as a function of chargino lifetime for mchargino = 90.2 GeV [13]. The bands indicate the ±1σ
and ±2σ variations on the median expected limit (dotted line) due to uncertainties.

5 Summary

Supersymmetry signals have been sought after by the ATLAS experiment, motivated by various mod-
els and topologies: strong production, 3rd generation fermions, mass degeneracies, R-parity violation,
among others. They lead to a wide spectrum of signatures: Emiss

T + jets + leptons / photons / b-jets /
τ-leptons, displaced vertices, not possible to cover all of them here; analyses based on photons and
τ-leptons are detailed in Refs. [14,15] and [16], respectively. No deviation from known SM processes
has been observed so far with ∼ 5 fb−1 at

√
s = 7 TeV. As both techniques and strategy keep evolving,

ATLAS will keep looking for supersymmetry with the new data that become available at the LHC.

The author acknowledges support by the Spanish MINECO under the project FPA2009-13234-C04-01 and by the
Spanish Agency of International Cooperation for Development under the PCI project A1/035250/11.
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Gamma-400 & CALET
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Gamma-400 is a pair-
conversion telescope with a 

deep (25 X0) calorimeter

CALET is an imaging 
calorimeter with ~0.12 m2 sr

Good energy resolution for 
lines

Angular resolution helps 
with removal of point source 

backgrounds

Hard to compete with Fermi-
LAT and AMS on exposure
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VERITAS Array
• 10 mCrab sensitivity - 5σ detection at 1% 

Crab (2x10-13 erg cm-2 s-1 @ 1 TeV) in 28 hrs.

• Effective area 105 m2 above 500 GeV

• Angular resolution <0.1 deg

• Energy range 150 GeV - 30 TeV, 15% 
resolution (for spectral measurements)
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CTA Camera

!

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

Camera Modules

Monday, January 14, 2013

Electronics based on TARGET were 
developed by SLAC and U. Hawaii

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

PhotosensorsConcerns 3: PDE

• Losses in the blue are compensated by gains in the 

red

• But gains in the red bring along NSB photons

• Implementation of an IR cutoff is tricky, and cuts both 

signal and background

Sunday, October 21, 12

David Williams

CTA Consortium Meeting – Rome 2012

SiPM Concerns I: Pulse Shape

11

! NSB rates 20–40 MHz; ~25–50 ns separation between pulses

! Excelitas: ~10 ns

! Hamamatsu: ~100-150 ns but fast rise allows differentiation to get a fast output 

pulse: ~8 ns (at large cost in gain)

~8ns~120ns

MPPC + differentiator

(note: using 150MHz scope bandwidth)
‘raw’ MPPC pulse

Sunday, October 21, 12

Concerns 2: Crosstalk

• We worry about afterpulsing in PMTs at 10-3; effect of 

optical crosstalk is 10x larger.

• May not be a show stopper with the right trigger strategy

• Could be fatal with the wrong trigger strategy

• Trenches to reduce crosstalk available/coming from most 

manufacturers

OVop
OVmaxPDE

Sunday, October 21, 12

Multianode PMT
Hamamatsu

H8500-10x MOD8 = H10966B-10x 

• Familiarity of a PMT

• Adequate performance in most respects

• Disappointing PDE, but not as bad as we first 

thought

• Straightforward operation — except for channel 

suppression for stars

• 2” segment less than ideal for camera optics

• A safe fallback option

Sunday, October 21, 12

MAPMTs SiPMs

~1ns

MAPMT Pulse
SiPM Pulses (after preamp)

S11828-3344 MPPC 
(H8500-10x MOD8)

Currently, crosstalk (~10%

and pixel pitch are key

concerns)

Monday, January 14, 2013
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 Particle Accelerators

Black hole extended horizon or accretion disk - 
conductor spinning in a magnetic field - 1020 V 

Generator! (Blandford, Lovelace)

Gamma-ray observations provide
direct evidence for acceleration of charged 

particles up to >tens of TeV in SNR
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Targets?

The sun or earth is 
sometimes the fixed 

target!

Modern accelerators use colliding beams for higher cm energy 
- dark matter halos are matter-antimatter colliding beams!

Molecular clouds can be the 
target

CMB photons and primordial starlight are also targets for 
high energy cosmic particles
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Synchrotron Radiation
�B
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

�B

�ve−
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

�B

�ve−
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation

�B

�ve−



γ γ

1

γ γ γ γ

SLAC SSI13                                               Instrumentation at the CF                                      James Buckley 

Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation

• The emitted “synchrotron radiation” 
is very different than thermal 
radiation, having a very broad 
spectrum that can span radio to X-
ray wavelengths

�B

�ve−



γ γ

1

γ γ γ γ

SLAC SSI13                                               Instrumentation at the CF                                      James Buckley 

Pion Production

• Protons and other nuclei like bags of quarks, interact by radiating and exchanging 
gluons.   Neutral or charged pions can be formed in interactions.
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Pion Production
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Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

Text

p, e, γ, ν
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Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1
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π0
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γ

γ

1
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χ+

χ0

χ+

γ
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γ

1

Text

p, e, γ, ν

internal/final state bremms
inverse Compton γ’s
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φ φ φ

Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1
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p

π0

K
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γ

γ

1

χ0
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χ+
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1

Text

p, e, γ, ν

internal/final state bremms
inverse Compton γ’s


